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ABSTRACT 
 
Salter-Harris fractures of the proximal tibia and distal femur are common in pediatric 
patients that present to orthopedic surgeons. Salter-Harris type I fractures are characterized 
by breaks that extend only through the physis while Salter-Harris II fractures are the most 
common, accounting for 85% of Salter-Harris fractures, and extend past the growth plate, 
exiting through the metaphyseal bone1. Fixation of these fracture types can be accomplished 
using a variety of methods including the use of Kirschner wires, cannulated screws, and a 
combination of both materials. Stability of fracture fixation is of utmost importance as 
persistent motion at the fracture margin leads to deformity2. Other complications resulting 
from unsuccessful fracture treatment include knee instability, premature physeal closure, and 
leg shortening causing the patient to experience a higher physiological load1,3. 
 
The purpose of this study is to analyze the biomechanical efficacy of common fixation 
methods used to stabilize Salter-Harris I and II fracture patterns in both the proximal tibia 
and distal femur. Rotational stiffness will be used as the primary gauge of efficacy and is 
tested in flexion and extension, varus and valgus rotation, and internal and external rotation. 
Comparison of stiffness will be used to determine the optimal fixation method specific to 
each bone and fracture pattern.  
 
This study utilized 39 tibia and 36 femur 4th generation synthetic bones, fractured and fixated 
to model Salter-Harris type I and II fractures and common fixation methods. Fixation 
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methods used employed 6.5mm cannulated screws, 4.5mm cannulated screws, 2mm smooth 
k-wires, and 2mm threaded k-wires. Cyclic displacement tests were performed on a materials 
testing machine which recorded the torque required to reach an angulation of ±5° for 10 
cycles. Statistical analysis was performed to compare construct stiffness and differences 
between groups using analysis of variance.  
 
Results show superior stability achieved through the use of threaded k-wires for both 
femoral and tibial Salter-Harris type I fracture fixation. The optimal femoral Salter-Harris 
type II fixation method utilized two oblique screws.  Methods consisting of a combination 
of screws and k-wires resulted in the greatest rotational stiffness for tibial Salter-Harris type 
II fractures.  Improvements in fixation methods should be considered to enhance internal 
and external rotational stiffness for all fracture types. 
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CHAPTER ONE 
INTRODUCTION 
 
The morphology of the adolescent growth plate is the main determinant of its fragility. It’s 
proliferative hypertrophic layer’s propensity to fracture is elevated during periods of rapid 
growth4. Common patterns of growth plate fractures are characterized by the Salter-Harris 
system to indicate mechanism of injury and have been used to aid in the prognosis of 
physeal injuries. Physeal fractures of the lower limbs are commonly more critical than 
indicated by their Salter-Harris classification and lead to serious short and long term 
complications5. While mechanism of injury, degree of initial displacement, and amount of 
growth remaining dramatically influence the injury outcome, accurate reduction, stable 
fixation, and frequent screenings for developing deformities can prevent lifelong 
complications6.  
 
Adolescent Growth Plate Anatomy 
The characteristic difference in the anatomy of adolescent long bones from those of adults is 
the presence of a growth plate between the metaphysis and epiphysis. The growth plate is 
the site of proliferating cartilage cells and serves as the secondary ossification center for bone 
elongation. The physis is divided into four well defined zones: the resting zone, proliferative 
zone, transformation zone comprised of upper and lower hypertrophic layers, and 
degenerative zone 7, 8. The strength of the epiphyseal plate is primarily derived from its 
extracellular matrix (ECM), longitudinally arranged collagen fibers embedded in an 
amorphous substance, and allows for resistance to shear and compressive forces9.  
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 The resting zone provides structural support to the growth plate, is instrumental in the 
organization of  the chondrocyte columns of the proliferative zone,  and has a high ECM to 
cell ratio 10. In the proliferative zone, flattened chondrocytes rapidly duplicate and are 
organized into longitudinal columns. This phase is also marked by increased production of 
type II and type XI collagen7.  In the transformation zone, mitotic cell activity finishes and 
chondrocytes begin to terminally differentiate. This period of terminal differentiation is 
characterized by an increase in cell volume caused by swollen, round, hypertrophic 
chondrocytes, increase in calcium concentration stimulating production of matrix vesicles, 
and the synthesis of alkaline phosphatase, hydroxyapatite and type X collagen11,7,10. 
Chondrocyte hypertrophy is vital to the development of long bones and accounts for about 
60% of bone growth7. Chondrocytes in long bones with more rapid growth, such the femur 
or tibia, present comparatively increased cellular swelling11. The hypertrophied zone is the 
weakest due to the increased chondrocyte to ECM ratio. A layer of provisional calcification, 
adjacent to the hypertrophic level as shown in Figure 1, aids in supporting the 
transformation zone. The amplified synthesis of alkaline phosphatase increases the 
concentration of phosphate ions in the matrix and stimulates cartilage calcification in the 
degenerative zone. Cartilage mineralization occurs predominantly between the organized 
columns of hypertrophied chondrocytes. The combination of cartilage mineralization and 
low oxygen tension attracts blood vessels from the nearby primary spongiosum 10. Once the 
cartilage matrix is calcified, apoptosis eliminates most of the terminally differentiated 
chondrocytes to allow vascularization of the newly ossified bone and migration of bone-
marrow stromal cells11, 7.  The remaining terminally differentiated chondrocytes serve as the 
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scaffold for bone matrix deposition by osteoblasts and are incorporated into the primary 
trabeculae11.  
 
The primary trabeculae is continuously remodeled to form more organized, mature 
trabeculae. Ultimately, a deceleration in chondrocyte growth rate and hypertrophy reduces 
the height of the growth plate until it is entirely replaced by bone, thus fusing the metaphysis 
and epiphysis. In the tibial physis, fusion begins as bony bridges in the center of the 
posterior region of the plate and progresses outward and to the anterior physis ending below 
the tibial tuberosity12. The onset of physeal closure has been attributed to estrogen levels 
associated with advancing puberty and complete closure is indicative of skeletal maturity8. 
Interruption of growth plate physiology and development or hormonal irregularity can 
commonly lead to growth disturbances or deformity11, 8.  
 
Figure 1. Growth plate morphology8. 
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The primary and secondary ossification centers are the most vulnerable regions of long 
bones. The secondary ossification center becomes increasingly fragile as a child ages due to 
its growing size, progressive loss of cartilage, relatively increasing rigidity, and decreasing 
ability to absorb energy. Due to these structural changes, there is a shift from a high 
frequency of metaphyseal fractures to epiphyseal fractures around age 1013. Additionally, the 
epiphyseal plate is significantly weaker than tendons, ligaments, normal bone, and the 
fibrous joint capsule in children which causes greater susceptibility to fracture. Collateral 
ligaments can withstand approximately three times the tension and torsional loads resisted 
by the physeal plate6. The proliferative zone of the growth plate, characterized by 
hypertrophied cells and an increased cell to ECM ratio, is the typical plane of fracture 
resulting from shearing or avulsion forces9. The frequency of epiphyseal fractures is 
heightened during periods of rapid skeletal growth and in epiphyseal plates with high relative 
growth. In the lower extremities, growth occurs predominantly  in the knee region with 70% 
of longitudinal femoral growth occurring in the distal plate and 55% of tibial lengthening 
occurring proximally9.  
Skeletal growth typically occurs in three phases: elevated growth for the first two years of life 
followed by a period of slower growth until a final, adolescent growth spurt of 
approximately 18 months during which peak height velocity and skeletal maturity is achieved 
10, 4.  During adolescence, puberty triggers a period of increased skeletal fragility due to rapid 
growth. The resulting peak bone mineral velocity occurs 1.5 years later in males than 
females14. Epiphyseal injuries are most common in males ages 10-16 due to the greater 
involvement in high impact sports and the skeletal maturity of females8.  
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Vascularization of the growth plate is provided by the epiphysis. Typical epiphyseal fracture 
occurs in the transformation zone and separates the growth plate, leaving proliferating cells 
attached to the epiphysis. This fracture pattern is favored since the maintenance of 
attachment does not damage the blood and nutrient supply of the physis and allows for 
continued growth. Separation of the epiphyseal plate causes temporary thickening of the 
proliferative layer of cells and interruption of the endochondral ossification process but 
returns to normal within a few weeks9. If the blood supply is not spared during fracture, risk 
of avascular necrosis and subsequent premature physeal closure is high15. Fractures that 
cross the epiphyseal plate and exit through the metaphysis are more severe and cause 
mechanical injury to the growth plate. Longitudinal displacement of fracture fragments also 
increases the risk of progressive angulation or progressive shortening due to premature 
physeal closure. Progressive angulation occurs when the growth of one section of the 
epiphyseal plate is slowed or stopped, often as a result of the formation of a bony bridge 
connecting the metaphysis and epiphysis 5. The continued growth in the remainder of the 
physis causes angulation and deformity of the bone until the damaged portion leads to early 
termination of all growth. Complications resulting from complete premature physeal closure 
are heightened in lower limb fractures and in younger children. Fractures in younger children 
cause greater growth disturbances due to the relatively greater amount of growth remaining 
to reach skeletal maturity. Progressive shortening in lower limbs is also more critical as it 
triggers gait deviations that cause the patient to experience stress due to a higher 
physiological load. 
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Salter-Harris Fractures 
The Salter-Harris classification system was developed in 1963 for the differentiation of 
growth plate fracture patterns3.  The Salter-Harris system groups fracture patterns into five 
main types with increasing severity and risk of complication1. Salter-Harris type I fractures 
are characterized by a transverse fracture extending through the physeal plate. Cartilage 
typically remains attached to the epiphysis, thus maintaining the growth plate’s blood supply 
and contributing to a good prognosis. Due to the radiolucency of the nonossified fracture 
site, Salter-Harris type I fractures are difficult to detect in radiographic images. Salter-Harris 
type II fractures are the most common fracture type accounting for approximately 85% of 
all growth plate fractures. In this pattern, the fracture line extends through the growth plate 
and exits through the metaphysis, partially separating the epiphysis and growth plate from 
the metaphyseal fragment. Complications resulting from Salter-Harris type II fractures are 
uncommon, except in the distal femoral epiphysis where they occur in 43-70% of all cases. 
In Salter-Harris type III fractures, the fracture line extends through the growth plate and 
epiphysis, separating a portion from the metaphysis. While this fracture type has a greater 
risk of complications, the prognosis is good if the blood supply to the growth plate is not 
disrupted. Salter-Harris type IV fractures extend through the epiphysis, growth plate, and 
metaphysis, completely separating a fragment of bone. Prognosis is bad for this fracture type 
and typically leads to growth disturbances. Surgical treatment is necessary for Salter-Harris 
type III and IV fractures. The final fracture classification, Salter-Harris type V, is 
characterized by crushing of the growth plate caused by compressive forces. This fracture 
pattern is the most traumatic and yields the worst prognosis since premature physeal closure 
is almost unavoidable1.       
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Figure 2. Salter-Harris fracture classification1. 
 
 
The knee is comprised of two major physes, the distal femoral growth plate and the 
proximal tibial growth plate, and four areas of substantial traction forces, the proximal and 
distal patella and the tibial tubercle and eminence. These sites of growth and tensile forces 
put the knee at significant risk of epiphyseal fracture6. Physeal fractures of the distal femur 
comprise 5-15% of all physeal fractures. Due to the large surface area of the distal femoral 
epiphysis and its extended period of ossification, typically low risk fracture patterns result in 
more severe complications. Even Salter-Harris type I and II fractures result in bone bridge 
formation in the distal femur6. Salter-Harris type II fractures, the most common fracture 
pattern in the distal femur, was commonly caused in the past by a hyperextensive force 
resulting from children getting their feet caught in the spokes of a moving wagon wheel. 
This particular fracture pattern yielded an anterior displacement of the femoral epiphysis and 
often resulted in injury of the popliteal vessels and other vasculature. Today, Salter-Harris 
type II fractures in the distal femur are most commonly caused by medial and lateral forces 
resulting from automobile collisions and valgus loading during sports6.  Typically, epiphyseal 
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fragments in the distal femur are displaced in the direction of the metaphyseal fragment and 
type II fractures exit through the midline of the epiphysis13. Displacement most frequently 
occurs medially, lateral displacement is the next most common direction, while anterior or 
posterior displacement is relatively rare16. Current fracture orientation is less severe and does 
not cause significant vascular damage6.  
 
Fractures in the proximal tibial epiphyseal plate are uncommon, accounting for less than 1% 
of all physeal injuries. These fractures typically occur in males ages 11-13 as a result of high 
energy rotational forces or valgus loading during sports and automobile accidents6,2. The 
infrequency of physeal injuries in the proximal tibia is due primarily to its anatomy and the 
location of ligament insertion. Other than the patellar ligament, ligaments of the proximal 
tibia attach to the metaphysis. Thus, the physis is spared many varus and valgus stresses as 
they are transferred distally to the metaphysis6,2. The anterior projection of the tibial 
tuberosity mandates irregular attachment of the patellar ligament which promotes anterior 
avulsion and irregular shearing across the physis. Anterior avulsion can cause serious injury 
to the posteriorly fixed popliteal artery and should be closely monitored. Studies have also 
shown evidence of asymmetrical physeal closure in the proximal tibia. The posterior side of 
the proximal tibial physis begins fusing before the anterior physis, thus leaving it vulnerable 
to Salter-Harris II fracture12. Thorough investigation is necessary for all injuries involving the 
proximal tibia due to the diagnostic difficulties encountered. Salter-Harris I fractures of the 
proximal tibia commonly appear to be chronic infection or a widened physis on radiographic 
images17.  
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While the Salter-Harris classification is reliably indicative of injury mechanism, complications 
resulting from epiphyseal fractures in the distal femur and the proximal tibia are difficult to 
predict based on the Salter-Harris system18. Lower limb complications are more severe and 
typically low risk type I and type II Salter-Harris fractures result in worse prognosis around 
the knee joint5. Short term complications include popliteal artery damage, ligament damage, 
and compartment syndrome while other complications such as avascular necrosis, premature 
physeal closure, leg length discrepancies, ligament laxity, joint instability and angular 
deformity have a more delayed development. Late complications such as growth 
disturbances and deformities are especially critical and exaggerated in young children due to 
their relatively great amount of impending growth17. Most growth arrest complications 
present within two years of physeal injury6. 
 
Current Fracture Treatment 
Fracture outcome is proportional to the mechanism of injury, degree of initial displacement 
and amount of remaining growth, however accurate reduction and stable fixation are very 
effective in the prevention of lifelong complications6. Treatment commonly begins with 
open or closed reduction followed by casting or casting and internal fixation using smooth 
or threaded Kirschner wires (k-wires), cannulated screws, or a combination of both k-wires 
and screws. Both undsiplaced and displaced Salter-Harris type I or II fractures are typically 
treated with closed reduction, cast immobilization, and in the event of fracture instability, 
smooth transphyseal pins6.  To minimize further physeal damage, pins should cross in the 
metaphysis and should centrally traverse the physeal plate. Imperfect reduction is acceptable 
for type I and II fractures and late corrective reductions should be avoided as they increase 
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the risk of growth arrest6.  Irreducible Salter-Harris type I or II fractures and all displaced 
type III and IV fractures are recommended to be treated with open reduction and internal 
fixation with k-wires or cannulated screws13. Reduction accuracy is of utmost importance in 
type III and IV fractures to preserve the physeal blood supply and reduce the risk of 
deformity. Additional reductions may be necessary to ensure perfect alignment8. Due to the 
compliance challenges associated with pediatric patients, the use of internal fixation is 
recommended for all epiphyseal fractures, regardless of severity, to maintain the intended 
alignment of initial reduction18. As a result of the compressive nature of Salter-Harris type V 
fractures, complications are often unavoidable and treatment typically consists of casting and 
immobilization of the injured joint8. 
 
Ease of insertion and impact on the physis also influence fixation method selection. While 
distal to proximal insertion in the distal femur and proximal to distal insertion in the 
proximal tibia are technically easier for the surgeon to perform, insertion in the opposite 
direction is preferred as it does not involve the joint and therefore has a lower risk of 
infection.  To minimize further damage to the physeal plate and its blood supply, internal 
fixation should avoid crossing the physis. If absolutely necessary, smooth k-wires can safely 
traverse the physis at right angles and should be removed as soon as fracture healing is 
stable19. Transverse screws are necessary, on occasion, to stabilize the metaphyseal fragment 
resulting from the Salter-Harris type II fracture pattern. Ideally these screws should avoid the 
physis and tibial tuberosity. Maturity of the ossification center of the injured bone directly 
influences the screw steadiness and should be taken into account during fixation method 
selection19. While threaded k-wires and screws offer more fracture stability and more 
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effectively maintain anatomic reduction, removal of this fixation hardware is typically more 
difficult and results in greater physeal disruption than the use of smooth k-wires. Ultimately, 
fracture stability should be given priority over physeal plate protection during fixation 
method selection15.   
 
Purpose of the Study 
The purpose of this study is to analyze the biomechanical efficacy of various fixation 
methods used to stabilize Salter-Harris I and II fracture patterns in both the proximal tibia 
and distal femur. Fixation methods tested include the use of smooth k-wires, threaded k-
wires, cannulated screws, and a combination of screws and k-wires. Stiffness is used as the 
primary gauge of efficacy and is tested in flexion and extension, varus and valgus rotation, 
and internal and external rotation. Torque and degree of rotational failure will also be 
measured. Comparison of stiffness during the loading portion of testing will be used to 
determine the optimal fixation method specific to each bone and fracture pattern.  
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CHAPTER TWO 
MATERIALS AND METHODS 
 
Materials 
This study utilized 39 medium left tibia and 36 medium left femur 4th generation synthetic 
bones (Model 3401 and 3403, Pacific Research Laboratories Inc.)  The synthetic bones were 
fractured and fixated to model Salter-Harris fractures and common fixation methods by 
Moore Orthopedics (Columbia, SC.) Fixation methods used employed stainless steel 6.5mm 
cannulated screws, 4.5mm cannulated screws, 2mm smooth K-wires, and 2mm threaded K-
wires produced by Synthes. Tibias were cut by orthopaedic surgeons using a surgical bone 
saw to simulate fracture patterns according to Salter-Harris I, valgus Salter-Harris II, and 
flexion Salter-Harris II patterns with 13 different fixation methods. A total of 9 tibias were 
fractured with the Salter-Harris I pattern and were fixated with three different methods with 
three samples of each type. Both valgus Salter-Harris II and flexion Salter-Harris II groups 
were comprised of 15 synthetic tibias each exhibiting 5 different fixation methods with three 
samples of each type. Femurs were cut to simulate fractures according to Salter-Harris I and 
Salter-Harris II patterns with 12 different fixation methods. Both femur groups contained 18 
fractured sawbones and exhibited 6 different fixation methods with three samples of each 
type. Fixation methods are listed in Tables 1 and 2. Anteroposterior and mediolateral 
radiographic images were taken for each specimen and are shown in Figures 3-6 
(radiographic images of femoral Salter-Harris type II fracture fixation methods were not 
provided).  
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Femur Salter-Harris Type I 
FA Proximal to distal smooth 2.8 mm K-wires crossed, tip out of bone 
FB Proximal to distal smooth 2 mm K-wires crossed, tip in bone 
FC Proximal to distal smooth 2 mm K-wires crossed, tip through bone 
FD Proximal to distal smooth 2 mm K-wires divergent 
FE  Proximal to distal threaded 2 mm K-wires crossed, tip in bone 
FF Proximal to distal threaded 2 mm K-wires crossed, tip through bone 
Femur Salter-Harris Type II 
FG Proximal to distal smooth 2.8 mm K-wires crossed, tip through bone 
FH Proximal to distal smooth 2 mm K-wires crossed, tip through bone 
FI Single transverse 6.5 mm screw 
FJ Two transverse 6.5 mm screws 
FK Single transverse 6.5 mm screw and proximal to distal smooth 2 mm                
k-wires crossed, tip through bone 
FL Two Oblique (perpendicular to fracture line) 6.5 mm screws 
 
Table 1. Femoral Salter-Harris Type I and Type II fracture fixation methods.  
 
Tibia Salter-Harris Type I 
TA Distal to proximal smooth 2 mm K-wires crossed, tip through bone 
TB Distal to proximal smooth 2 mm K-wires crossed, tip in bone 
TM Distal to proximal threaded 2 mm K-wires crossed, tip through bone 
Tibia Salter-Harris Type II (Flexion) 
TC Distal to proximal smooth 2 mm K-wires crossed, tip through bone 
TD Distal to proximal smooth 2 mm K-wires crossed, tip in bone 
TE Two 4.5 mm screws, shaft to metaphysis 
TF Two 4.5 mm screws, tubercle to metaphysis 
TG Two 4.5 mm screws shaft to metaphysis and distal to proximal  smooth  
2 mm K-wires crossed, tip through bone 
Tibia Salter-Harris Type II (Valgus) 
TH Distal to proximal smooth 2 mm K-wires crossed, tip through bone 
TI  Distal to proximal smooth 2 mm K-wires crossed, tip in bone 
TJ Single 4.5 mm screws, shaft to metaphysis 
TK Two 4.5 mm screws, shaft to metaphysis 
TL Two 4.5 mm screws shaft to metaphysis and distal to proximal  smooth  
2 mm K-wires crossed, tip through bone 
 
Table 2. Tibial Salter-Harris Type I, Type II flexion, and Type II valgus fixation methods 
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Figure 3. Radiographic images of femoral Salter-Harris Type I fracture fixation methods. FA: posterior view (top), medial view 
(bottom), FB: posterior view (top), medial view (bottom), FC: posterior view (top), medial view (bottom), FD: posterior view (top), 
lateral view (bottom), FE: posterior view (top), medial view (bottom), FF: posterior view (top), medial view (bottom). 
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Figure 4.  Radiographic images of  tibial Salter-Harris Type I fracture fixation methods.  TA: posterior view (top) and medial view 
(bottom), TB: posterior view (top) and medial view (bottom), TM: anterior view (top) and lateral view (bottom). 
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Figure 5. Radiographic images of tibial Salter-Harris Type II (flexion) fracture fixation methods. TC: posterior view (top) and 
medial view (bottom), TD: posterior view (top) and medial view (bottom), TE: anterior view (top) and lateral view (bottom), TF: 
anterior view (top) and lateral view (bottom), TG: anterior view (top) and medial view (bottom). 
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Figure 6. Radiographic images of tibial Salter-Harris Type II (valgus) fracture fixation methods. TH: posterior view (top) and 
medial view (bottom), TI: posterior view (top) and medial view (bottom), TJ: posterior view (top) and lateral view (bottom), TK: 
posterior view (top) and lateral view (bottom), TL: posterior view (top) and lateral view (bottom). 
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Specimen Preparation 
Specimens were potted in resin according to tibial and femoral anatomic alignment. Since 
the anatomic axis of the tibia is parallel to the mechanical axis, tibial alignment was achieved 
by inserting a wooden dowel distally into central shaft of the sawbone and suspending it on a 
rod mount, with the distal tibia superior and the proximal tibia most inferior. The suspended 
sawbone was oriented above a rectangular testing well such that the anterior face of the tibia 
was aligned with the long side of the well and the sawbone was centrally located with respect 
to the well. Approximately 300mL of a 2-part epoxy resin was added to the well to 
adequately secure the proximal end without interfering with the fracture or fixation. The 
epoxy resin mixture dried at room temperature for 30 minutes. After the potting material 
dried, the tibia sawbone was removed from the testing well and rod mount. Using a 
bandsaw, the tibia was cut 20 cm from the distal end. The tibia sawbone was resuspended on 
the rod mount with the proximal side facing upward and the distal side facing downward. 
The non-action side was potted in a 1.5 inch diameter by 3 inch cylinder section of PVC 
with approximately 50mL of 2-part epoxy resin.  
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Figure 7.  Lower limb alignment and joint orientation in the frontal and sagittal planes26. 
 
Synthetic femurs were cut 20cm from the non-action, proximal end. The femurs were 
secured to the wooden dowel and were suspended vertically over a rectangular testing well 
with the distal end of the bone facing downward. Due to the angulation of the anatomic axis 
of the femur, shown in Figure 7, alignment was achieved through a series of angle 
adjustments utilizing 7° wedges. A wedge was inserted under the dowel mount such that the 
distal end of the femur created a 7° angle with the vertical in the sagittal plane. To account 
for the 7° valgus alignment of the femur in the frontal plane, the right side of the well 
(corresponding with the right side of the synthetic femur) was wedged. The femurs were 
oriented such that the posterior condyles lined up with the long side of the rectangular 
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testing well and the mechanical axis was centered in the well. Approximately 300mL of a 2-
part epoxy resin was added to the well to adequately secure the proximal end without 
interfering with the fracture or fixation. The epoxy resin mixture dried at room temperature 
for 30 minutes. Once the potting material was dry, the potted femur was removed from the 
testing well, inverted and resuspended from the mount with the proximal end facing 
downward. The non-action side was potted in a 1.5 inch diameter by 3 inch cylinder section 
of PVC with approximately 50mL of 2-part epoxy resin. 
 
Instron Testing 
All specimens were first tested in flexion and extension, then varus and valgus, followed by 
internal and external rotation except for the tibial Salter-Harris Type II (flexion) group, 
which were first tested in varus and valgus, followed by flexion and extension. The testing 
well was secured to an x-y table to allow at least two degrees of freedom in all three 
orientations. For extension/flexion, the well was screwed into an x-y table with the long 
edge of the well horizontal. The potted base was inserted into the testing well while the non-
action end was grasped by a cylindrical attachment that had free vertical motion. Tibia 
sawbones were inserted with condyles facing down while femurs were oriented with 
condyles facing up. The 1000 N load cell was utilized for the extension/flexion testing. For 
testing in varus/valgus directions, the well was screwed into the x-y table with the short edge 
of the well horizontal. The potted base was inserted into the testing well while the non-
action end was grasped by a cylindrical attachment that had free vertical motion. Tibia 
sawbones were inserted with condyles facing the left side of the well and femur sawbones 
were inserted with opposite orientation. The 1000 N load cell was used for varus/valgus 
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testing. Internal/external rotational testing required a vertical set-up. The testing well was 
screwed directly into the x-y table with the base of the well flat on the table and the long 
edge of the well oriented forward. A torsion adaptor was attached to the load cell above and 
attached to the non-action end of test specimens below. Tibial specimens were oriented with 
condyles facing forward and femurs were oppositely oriented. The 25 kN load cell was used 
for rotational testing. Prior to testing, load cells were calibrated and balanced. 
 
Displacement tests of ~±5° were performed using a materials testing machine (Model 8874, 
Instron, Norwood, MA) and cyclic displacement tests were performed using Wavematrix 
software. These displacement tests recorded the load required to reach an angulation of ±5° 
for 10 cycles. This load was converted to torque [N*mm] by multiplying the load [N] by the 
length of the lever arm [mm], or bone specimen. Displacement was calculated for 
extension/flexion and varus/valgus tests using the equation              [  ]  
   (  )                    [  ]. The same wavematrix protocol was used for all 
three orientations. Amplitude was equal to the displacement and a sine wave function was 
set for 10 cycles at 0.2 hertz. Instron testing and video recording were started simultaneously 
for each specimen.  
 
Following displacement testing, failure testing was performed on all remaining specimens. 
The set-up and specimen orientation for failure testing was identical to that of 
internal/external rotational testing. A trapezoid wave was utilized for failure testing to 
achieve an angulation of ±90° over 40 seconds. Femurs were tested in internal rotation and 
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tibia specimens were tested in external rotation as shown in Figure 8. Failure testing was also 
recorded.  
 
Figure 8. Illustration of internal femoral and external tibial rotation induced during failure 
testing25. 
 
 
Data Analysis 
The displacement data was normalized to reflect a starting position of 0 mm and an angle 
versus torque graph was generated to determine the rotational stiffness of the loading phases 
for each cycle. Linear regions in the angle versus torque graph were interpreted as loading 
phases and the slope of these linear regions yielded the rotation stiffness of a specified cycle. 
Rotational stiffness values were generated for each cycle of every sample tested. The average 
rotational stiffness and standard deviation were calculated from the 10 cycles for each 
sample. Stiffness values were compiled for statistical analysis. 
 
ANOVA testing was performed for each fracture type with a p value of 0.05, followed by a 
comparison of the best for testing directions with significant variance, to compare construct 
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stiffness and determine differences between groups. T-values based on number of treatment 
means and degrees of freedom were used to determine significant variance in comparison of 
the best. Assignable causes tested included fixation method and testing direction. Cycle 1 
was excluded from all tests. Sample size varied between n=1 to n=3 for each group 
depending on remaining specimens. These statistical analyses were performed using SAS 
statistical software and assistance from a professional statistician.  
 
Failure data was normalized  to reflect a starting torque of 0 [Nm] and a starting position of 
0° and the maximum torque before failure was determined for each specimen tested. The 
torque values were compared for fixation methods of each fracture type using a one way 
ANOVA, with a p value of 0.05, to detect significant variance between fixation methods. 
For tests resulting in a p value less than 0.05, Tukey’s post-hoc analysis was conducted to 
determine which fixation methods varied significantly. These statistical analyses were 
performed using minitab. Degree rotation at failure was also determined. 
 
Image analysis of anteroposterior and mediolateral radiographs was performed using Image J 
software to assess the consistency of fracture angle and pin or screw placement. In the 
anteroposterior x-rays, pin and screw length were measured, the facture distance from 
condyles, the distance between the insertion point of the pin or screw and the action end, 
and the distance between pin or screw insertion and lateral and medial fracture were 
measured using the line tool. The angle between the pins facing the non-action direction was 
measured using the angle tool. In the mediolateral x-rays, the angle tool was used to measure 
the angle of the fracture and the non-action angle between the pins or screws. The line tool 
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was used to measure the fracture distance from the posterior face of the bone. In some 
cases, pin and screw length were more accurately measured in mediolateral x-rays. Data was 
directly imported to excel.  
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CHAPTER THREE 
RESULTS 
 
Femoral Salter-Harris Type I 
Significant variance was determined using a p-value of 0.05 and a t-value of 2.28. Significant 
variance existed between fixation methods for valgus, varus, and extension rotational 
stiffnesses. FE had the greatest valgus rotational stiffness, 5.75 Nm/degree. The valgus 
rotational stiffness resulting from fixation method FE was significantly greater than that of 
FA, FB, FC, and FD. FE valgus rotational stiffness was not significantly greater than FF 
rotational stiffness. Fracture fixation method FF yielded the greatest varus rotational 
stiffness, 4.86 Nm/degree. Differences in varus rotational stiffness were not significant 
between FF, FA, and FB, but FF was significantly stiffer than FC, FD, and FE in varus 
rotation. Variance in extension rotational stiffness between fixation methods was not 
significant, with a p-value of 0.08, but was statistically of interest to warrant consideration. 
Extension testing of FE resulted in the highest stiffness, 4.21 Nm/degree, which was 
significantly greater than that of FD.  
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Figure 9. Rotation direction versus stiffness of Femoral Salter-Harris I fixation types (FA-FF) for a ±5° cyclic displacement. 
Valgus and varus rotational stiffnesses varied significantly based on a p value of 0.05. Extension p-value was 0.08.  
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Extension Comparison with FE 
  Estimate t-value 
FA vs FE -1.4662 -1.13 
FB vs FE -2.7092 -2.08 
FC vs FE -2.5994 -2 
FD vs FE -3.9505 -3.03 
FE vs FF 1.8778 1.44 
Table 3. Comparison with the best analysis for extension rotation. FD was significantly 
different from the best, FE, based on a t-value of 2.28. 
 
Valgus Comparison with FE 
  Estimate t-value 
FA vs FE -3.4094 -2.62 
FB vs FE -3.6107 -2.77 
FC vs FE -3.2796 -2.52 
FD vs FE -3.8751 -2.98 
FE vs FF 1.6582 1.27 
Table 4. Comparison with the best analysis for valgus rotation. FA, FB, FC, and FD varied 
significantly from the best, FE, based on a t-value of 2.28. 
 
Varus Comparison with FF 
  Estimate t-value 
FA vs FF -1.9149 -1.47 
FB vs FF -2.4264 -1.86 
FC vs FF -3.5102 -2.7 
FD vs FF -3.7025 -2.84 
FE vs FF -4.5226 -3.47 
Table 5. Comparison with the best analysis for varus rotation. FC, FD, and FF varied 
significantly from the best, FF, based on a t-value of 2.28. 
 
 
 
 
 
 
28 
 
Femoral Salter-Harris Type II 
Significant variance was determined using a p-value of 0.05 and a t-value of 2.31. Rotational 
stiffness values for different fixation methods varied for flexion, extension, valgus, and varus 
rotational tests. Fixation method FL yielded the greatest flexion rotational stiffness, 5.40 
Nm/degree. The flexion rotational stiffness was greater than that of FH, FI, FJ, and FK. No 
statistical difference existed between the flexion rotational stiffness of FL and FG. FH had 
the greatest extension rotational stiffness, 4.42 Nm/degree.  This extension rotational 
stiffness was greater than that of FI and FJ. There was not a significant difference in 
extension rotation stiffness for FH when compared to FG, FK, and FL. Fixation method FL 
produced the greatest valgus rotational stiffness, 12.10 Nm/degree. This valgus rotational 
stiffness was significantly greater than that of all other fixation methods. The greatest varus 
rotational stiffness was 6.83 Nm/degree, produced by fixation method FK. There was not a 
significant difference in varus rotational stiffness for FK when compared to FG or FL. 
Varus rotational stiffness experienced by FK was significantly greater than the varus stiffness 
of FH, FI, or FJ. 
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Figure 10. Rotation direction versus stiffness of Femoral Salter-Harris II fixation types (FG-FL) for a ±5° cyclic displacement. 
Extension, flexion, valgus, and varus rotational stiffness varied significantly between fixation methods based on a p-value of 0.05. 
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Extension Comparison with FH 
  Estimate t-value 
FG vs FH -1.6922 -1.92 
FH vs FI 3.0835 3.5 
FH vs FJ 2.5511 2.9 
FH vs FK 0.9201 1.05 
FH vs FL 0.4415 0.5 
Table 6. Comparison with the best analysis for extension rotation. FI and FJ significantly 
varied from the best, FH, based on a t-value of 2.31. 
.  
Flexion Comparison with FL 
  Estimate t-value 
FG vs FL -1.6816 -1.91 
FH vs FL -2.9682 -3.37 
FI vs FL -4.7205 -5.36 
FJ vs FL -3.0255 -3.44 
FK vs FL -3.9581 -4.5 
Table 7. Comparison with the best analysis for flexion rotation. FH, FI, FJ, and FK varied 
significantly from the best, FL, based on a t-value of 2.31. 
 
Valgus Comparison with FL 
  Estimate t-value 
FG vs FL -9.7805 -11.12 
FH vs FL -8.0218 -9.12 
FI vs FL -9.0978 -9.25 
FJ vs FL -8.1366 -8.27 
FK vs FL -5.1369 -5.84 
Table 8. Comparison with the best for valgus rotation. FG, FH, FI, FJ, and FK varied 
significantly from the best, FL, based on a t-value of 2.31. 
 
Varus Comparison with FK 
  Estimate t-value 
FG vs FK -0.4547 -0.52 
FH vs FK -3.5708 -4.06 
FI vs FK -2.5122 -2.55 
FJ vs FK -4.3369 -4.41 
FK vs FL 1.2996 1.48 
Table 9. Comparison with the best for varus rotation. FH, FI, and FJ varied significantly 
from the best, FK, based on a t-value of 2.31.
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Tibial Salter-Harris Type I 
Significant variance was determined using a p-value of 0.05 and a t-value of 1.99. Extension, 
flexion, valgus, and varus rotational stiffnesses significantly varied for the different fixation 
methods tested.  Fixation method TM yielded the greatest extension and flexion rotational 
stiffness with 6.62 Nm/degree and 3.35 Nm/degree respectively. These values were 
significantly greater than extension and flexion rotational stiffnesses of TA and TB. TM 
continued to result in the highest rotational stiffness for valgus and varus rotation. The 
valgus rotational stiffness resulting from fixation method TM was 2.65 Nm/degree.  There 
was not a significant difference between the valgus rotational stiffness of TM and TA, but 
the valgus rotational stiffness of TM was statistically greater than that of TB. The rotational 
stiffness produced by varus testing of TM was 3.00 Nm/degree. This value was not 
significantly different from that of TA but was significantly greater than the varus rotational 
stiffness experienced by fixation method TB. 
32 
 
 
Figure 11. Rotation direction versus stiffness of Tibial Salter-Harris I fixation types for a ±5° cyclic displacement. Extension, flexion, 
valgus, and varus rotational stiffnesses varied significantly between fixation methods based on a p-value of 0.05. 
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Extension Comparison with TM 
  Estimate t-value 
TA vs TM -2.0567 -2.7 
TB vs TM -3.8583 -5.06 
Table 10. Comparison with the best analysis for extension rotation. TA and TB varied 
significantly from the best, TM, based on a t-value of 1.99. 
 
Flexion Comparison with TM  
  Estimate t-value 
TA vs TM -3.1765 -4.17 
TB vs TM -3.2726 -4.29 
Table 11. Comparison with the best analysis for flexion rotation. TA and TB varied 
significantly from the best, TM, based on a t-value of 1.99. 
 
Valgus Comparison with TM 
  Estimate t-value 
TA vs TM -0.743 -0.97 
TB vs TM -1.9704 -2.58 
Table 12. Comparison with the best analysis for valgus rotation. TB varied significantly from 
the best, TM, based on a t-value of 1.99. 
 
Varus Comparison with TM 
  Estimate t-value 
TA vs TM -1.0825 -1.42 
TB vs TM -2.0085 -2.63 
Table 13. Comparison with the best analysis for varus rotation. TB varied significantly from 
the best, TM, based on a t-value of 1.99.
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Tibial Salter-Harris II (flexion) 
Significant variance was determined using a p-value of 0.05 and a t-value of 2.23. Extension, 
valgus, and varus rotational testing yielded significantly varied results for different fixation 
methods. Fixation method TG resulted in the greatest rotational stiffness for all three testing 
categories with an extension rotation stiffness of 10.18 Nm/degree, a valgus rotational 
stiffness of 7.28 Nm/degree, and a varus rotational stiffness of 4.87 Nm/degree. The 
extension rotational stiffness of TG was significantly greater than that of all other fixation 
methods tested for the tibial Salter-Harris type II (flexion) set. The valgus rotational stiffness 
of TF was not significantly different from that of TG. The rotational stiffness produced by 
fixation method TG during valgus rotation was greater than that of TC, TD, and TE. Aside 
from TE, which yielded a varus rotational stiffness that was not significantly different from 
that of TG, the varus rotational stiffness of TG was greater than that of TC, TD, and TF. 
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Figure 11. Rotation direction versus stiffness for Tibial Salter-Harris II (flexion) fixation methods (TC-TG) for a ±5° cyclic displacement. 
Extension, valgus, and varus rotation varied significantly between fixation methods based on a p-value of 0.05. 
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Extension Comparison with TG 
  Estimate t-value 
TC vs TG -7.1996 -4.8 
TD vs TG -7.8947 -4.8 
TE vs TG -5.9802 -3.64 
TF vs TG -5.8293 -3.89 
Table 14. Comparison with the best analysis for extension rotation. TC, TD, TE, and TF 
varied significantly from the best, TB, based on a t-value of 2.23. 
 
 
Valgus Comparison with TG 
  Estimate t-value 
TC vs TG -5.627 -4.19 
TD vs TG -6.5811 -4.91 
TE vs TG -3.5979 -2.4 
TF vs TG -1.9374 -1.44 
Table 15. Comparison with the best analysis for valgus rotation. TC, TD, TE, and TF vary 
significantly from the best, TG, based on a t-value of 2.23. 
 
 
Varus Comparison with TG 
  Estimate t-value 
TC vs TG -6.2002 -4.62 
TD vs TG -6.4295 -4.79 
TE vs TG -1.0692 -0.71 
TF vs TG -4.7182 -3.52 
Table 16. Comparison with the best analysis for valgus rotation. TC, TD, and TF vary 
significantly from the best, TG, based on a t-value of 2.23
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Tibial Salter-Harris II (valgus) 
Significant variance was determined using a p-value of 0.05 and a t-value of 2.23. Significant 
variance existed for the rotational stiffnesses of different fixation methods for flexion, 
internal, valgus, and varus rotational motions. The fixation method resulting in the greatest 
flexion rotational stiffness was TK with 4.92 Nm/degree.  This result was not significantly 
different from the flexion rotational stiffness of TL. TK resulted in a significantly greater 
rotational stiffness than that of TH, TI, or TJ. The greatest internal rotational stiffness 
resulted from fixation method TJ with 2.08 Nm/degree. No significant variance existed 
when comparing the best, TJ, with fixation methods TK or TL. Fixation method TL yielded 
the greatest valgus and varus rotational stiffnesses with 7.78 Nm/degree and 4.87 
Nm/degree respectively. The valgus rotational stiffness of TL was significantly greater than 
that of all other fixation methods tested for the tibial Salter-Harris type II (valgus) category.  
The varus rotational stiffness of TK was not significantly different from that of TL. The 
varus rotational stiffness experienced by TL was greater than that of TH, TI, and TJ. 
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Figure 13. Rotational direction versus stiffness of Tibial Salter-Harris II (valgus) fixation methods for a ±5° cyclic displacement. 
Flexion, internal, valgus, and varus stiffnesses varied significantly for different fixation methods based on a p value of 0.05.  
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Flexion Comparison with TK 
  Estimate t-value 
TH vs TK -2.5385 -3.24 
TI vs TK -4.1849 -5.34 
TJ vs TK -2.6249 -3.35 
TK vs TL 1.7066 2.18 
Table 17. Comparison with the best analysis for flexion rotation. TH, TI, and TJ varied 
significantly from the best, TK, based on a t-value of 2.23. 
 
Internal Comparison with TJ 
  Estimate t-value 
TH vs TJ -1.6501 -2.36 
TI vs TJ -1.6566 -2.36 
TJ vs TK 0.07485 0.1 
TJ vs TL 0.1735 0.25 
Table 18. Comparison with the best analysis for internal rotation. TH and TI varied 
significantly from the best, TJ, based on a t-value of 2.23. 
 
Valgus Comparison with TL 
  Estimate t-value 
TH vs TL -6.6519 -9.49 
TI vs TL -7.0702 -10.09 
TJ vs TL -2.8288 -4.04 
TK vs TL -2.3873 -3.05 
Table 19. Comparison with the best analysis for valgus rotation. TH, TI, TJ, and TK varied 
significantly from the best, TL, based on a t-value of 2.23. 
 
Varus Comparison with TL 
  Estimate t-value 
TH vs TL -2.9948 -4.27 
TI vs TL -2.966 -4.23 
TJ vs TL -1.6879 -2.41 
TK vs TL -1.1538 -1.47 
Table 20. Comparison with the best analysis for varus rotation. TH, TI, and TJ varied 
significantly from the best, TL, based on a t-value of 2.23. 
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Failure Testing 
Torque at failure and degree of rotation at failure were determined for each fixation method. 
Significant variance between the torques for different fixation methods was determined for 
each fracture type using a one way ANOVA. Femoral Salter-Harris I, femoral Salter-Harris 
II, tibial Salter-Harris II (flexion), and tibial Salter-Harris II (valgus) varied significantly based 
on a p-value of 0.05. Tukey’s post-hoc analysis was used to define the fixation methods that 
varied based on a p-value of 0.05.  
fixation sample torque [Nm] rotation [°] 
FA 1 19.72 27.03 
FA 2 21.27 6.61 
FA 3 19.53 23.28 
FB 1 7.14 20.10 
FB 2 10.66 10.20 
FB 3 7.90 32.26 
FC 1 8.00 12.05 
FC 2 8.51 27.24 
FC 3 13.78 16.99 
FD 1 7.94 6.77 
FD 2 14.74 10.57 
FD 3 19.84 20.58 
FE 1 12.58 13.63 
FE 2 10.67 22.94 
FE 3 5.07 13.41 
FF 1 15.68 20.24 
FF 2 17.80 13.86 
FF 3 14.57 18.45 
Table 21. Torqe and rotation at failure for femoral Salter-Harris I fixation methods. Torque 
at failure of FA was significantly greater than that of FB, FC, and FE based on a p-value of 
0.05. 
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fixation sample torque [Nm] rotation [°] 
FG 1 9.31 49.19 
FG 2 14.36 24.43 
FG 3 20.45 23.01 
FH 1 11.19 52.21 
FH 2 4.82 34.21 
FH 3 6.64 38.73 
FI  1 18.15 14.42 
FI  2 16.59 9.91 
FI  3 16.33 28.56 
FJ 1 - - 
FJ 2 12.91 30.11 
FJ 3 21.22 13.61 
FK 1 28.11 11.79 
FK 2 24.71 19.55 
FK 3 19.66 34.79 
FL 1 - - 
FL 2 40.33 20.11 
FL 3 32.75 15.37 
Table 22. Torque and rotation at failure for femoral Salter-Harris II fixation methods. 
Torque at failure of FL was significantly greater than that of FG, FH, FI, and FJ. The failure 
torque of FK was also significantly higher than that of FH based on a p-value of 0.05. 
 
Fixation Sample Torque [Nm] Rotation [°] 
TA 1 10.06 48.86 
TA 2 11.79 81.94 
TA 3 9.02 15.79 
TB 1 6.59 32.25 
TB 2 9.25 31.90 
TB 3 7.80 16.16 
TM 1 10.00 30.36 
TM 2 68.32 58.20 
TM 3 53.05 64.95 
Table 23. Torque and rotation at failure for tibial Salter-Harris I fixation methods. Torque 
at failure did not differ significantly between fixation methods based on a p-value of 0.05. 
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Fixation Sample Torque [Nm] Rotation [°] 
TC 1 26.69 22.20 
TC 2 22.36 20.41 
TC 3 19.60 20.42 
TD 1 22.81 15.88 
TD 2 18.17 22.77 
TD 3 20.40 25.88 
TE 1 21.85 16.19 
TE 2 - - 
TE 3 29.92 29.54 
TF 1 17.02 17.76 
TF 2 14.03 15.36 
TF 3 15.36 13.48 
TG 1 26.89 14.39 
TG 2 22.87 31.48 
TG 3 29.40 38.88 
Table 24. Torque and rotation at failure for tibial Salter-Harris II (flexion) fixation methods. 
The torque at failure resulting from fixation methods TE and TG was greater than that of 
TF based on a p-value of 0.05. 
 
Fixation Sample Torque [Nm] Rotation [°] 
TH 1 10.80 36.22 
TH 2 9.55 23.39 
TH 3 15.46 32.05 
TI 1 18.13 25.48 
TI 2 10.19 25.26 
TI 3 9.86 25.96 
TJ 1 24.56 23.13 
TJ 2 21.90 22.57 
TJ 3 31.18 38.96 
TK 1 32.74 23.73 
TK 2 39.82 21.85 
TK 3 - - 
TL 1 15.84 19.22 
TL 2 21.88 45.51 
TL 3 16.78 27.42 
Table 25. Torque and rotation at failure for tibial Salter-Harris II (valgus) fixation methods. 
The torque at failure for fixation methods TJ and TK was greater than that of TH based on 
a p-value of 0.05. 
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Image Analysis 
 
Name Type 
Distance from 
fracture to 
(anterior/posterior) 
side of bone 
Distance from 
fracture to 
posterior (medial) 
condyle 
Distance 
from fracture 
to posterior 
(lateral) 
condyle 
Fracture 
Angle 
Angle of Pins: 
Non 
action/superior 
angle, 
posterior view 
Angle of Pins: 
Non 
action/superior 
angle, lateral 
view 
FA1 
pin 
- 225 206 137 91.8 11.6 
FA2 - 231 231 113.7 92.3 14.9 
FA3 - 231 207 142.1 93.8 7.2 
FB1 
pin 
- 178 172 134.2 90.7 7.9 
FB2 - 237 237 136 93 0 
FB3 - 116 112 117.3 80.4 9 
FC1 
pin 
- 222 219 128 97.6 10.1 
FC2 - 204 185 129.6 99.8 11.3 
FC3 - 118 90 126 100.6 24.6 
FD1 
pin 
105 216 211 137 30.78 2.46 
FD2 153 231 223 139 31.4 3.55 
FD3 141 222 207 138 25.32 7.7 
FE1 
pin 
- 207 198 126 96.2 2.5 
FE2 - 204 211 141.6 90.4 18.6 
FE3 - 216 200 150.7 94.6 15.6 
FF1 
pin 
- 240 183 134 88.1 16.1 
FF2 - 234 237 122.5 93 9 
FF3 - 213 213 142.8 95.5 9.2 
Table 26.  Image analysis of femoral Salter-Harris I fracture angle and k-wire or screw placement. 
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Name Type 
Distance from 
fracture to 
(anterior/posterior) 
side of bone 
Distance from 
fracture to 
posterior 
(medial) 
condyle 
Distance from 
fracture to 
posterior 
(lateral) 
condyle 
Fracture 
Angle 
Angle of Pins: 
Non 
action/superior 
angle, posterior 
view 
Angle of Pins: 
Non 
action/superior 
angle, lateral 
view 
TA1 
pin 
56 92 94 110.3 96.6 24.9 
TA2 56 84 108 102.2 82.7 35.5 
TA3 46.1 84 82 110.3 91.2 13.1 
TB1 
pin 
46 90 96 110.2 77.5 16.8 
TB2 50 92 100 109.7 80.7 3.5 
TB3 46 106 112 95.9 81.6 21.4 
TM1 
pin 
81 108 100 113.9 95.7 37.6 
TM2 81 96 118 101 100 12 
TM3 66 100 100 105.3 99.3 23.9 
Table 27. Image analysis of tibial Salter-Harris I fracture angle and k-wire or screw placement. 
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Name Type 
Distance from 
fracture to 
(anterior/posterior) 
side of bone 
Distance from 
fracture to 
posterior 
(medial) 
condyle 
Distance from 
fracture to 
posterior 
(lateral) 
condyle 
Fracture 
Angle 
Angle of Pins: 
Non 
action/superior 
angle, posterior 
view 
Angle of Pins: 
Non 
action/superior 
angle, lateral 
view 
TC1 
pin 
46 108.3 102 23.2 87.3 19 
TC2 96 101.6 103.6 29.4 100.8 8.8 
TC3 66 108 104 28.9 101.1 31 
TD1 
pin 
48 98 90 25.3 99.7 36.4 
TD2 64 92 100 28.2 97.6 15.5 
TD3 58 100 124 35.3 97.3 29.7 
TE1 
screw 
84 130 136 34.6 - - 
TE2 72 118 126 31.7 - - 
TE3 70 106 132 28.6 - - 
TF1 
screw 
82 108 104 37.4 - - 
TF2 74 112 112 31.2 - - 
TF3 90 118 108 36.3 - - 
TG1 
pin and 
screw 
81 147 135 20.5 100.9 9.6 
TG2 87 108 126 35.6 97.1 29.7 
TG3 84 126 135 24.6 92.3 17.9 
Table 28. Image analysis of tibial Salter-Harris II (flexion) fracture angle and k-wire or screw placement. 
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Name Type 
Distance from 
fracture to 
(anterior/posterior) 
side of bone 
Distance from 
fracture to 
posterior 
(medial) condyle 
Distance from 
fracture to 
posterior 
(lateral) condyle 
Fracture 
Angle 
Angle of Pins: 
Non 
action/superior 
angle, 
posterior view 
Angle of Pins: 
Non 
action/superior 
angle, lateral 
view 
TH1 
pin 
24 90 258 104.2 81.7 23.6 
TH2 52 112 258 100.3 88 17.4 
TH3 30 92.1 254 116.1 84 4.9 
TI1 
pin 
38 94 290.2 94.7 87.2 24.3 
TI2 52 106 314 92.8 74.6 13.3 
TI3 64 104 294 98.9 83.4 40.7 
TJ1 
screw 
72 - 118 103.3. - - 
TJ2 70 - 97 99.5 - - 
TJ3 56 - 108 105.5 - - 
TK1 
screw 
48 - 116 99 0 - 
TK2 58 - 124 101 0 - 
TK3 60 - 140 100 6 - 
TL1 
pin and 
screw 
51 - 99 104.5 84.3 29.9 
TL2 66 - 96 106.2 83.9 32.8 
TL3 60 - 108 105.9 87.9 7.9 
Table 29. Image analysis of tibial Satler-Harris II (valgus) fracture angle and k-wire or screw placement.
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DISCUSSION 
 
The rotation convention used in this study is oriented with respect to the knee joint. Inward 
angulation of the knee joint, or adduction, is defined as varus rotation for both the femur 
and tibia. The rotation experienced when drawing one’s knee to chest was defined as femoral 
flexion. Rotational extension of the tibia mimicked the motion of rotating the lower leg 
outward to enable kicking a ball with the instep. Internal rotation was defined as the motion 
experienced by the tibia and femur when rotating the toes of the left foot to face the right 
foot. During failure testing, the femur specimens were internally rotated and the tibia 
specimens were externally rotated to simulate moments at the knee joint experienced when 
the left foot is twisted away from the midline of the body. The torque and rotational 
stiffness reported is the result of the rotational motion and therefore describes an opposite 
moment reaction as seen in Figure 8.  
  
Fixation of Salter-Harris Fractures in the Distal Femur 
Due to the normal motion experienced during physical therapy and ambulation, stability in 
flexion and extension rotation is of greatest importance for femoral Salter-Harris type I 
fractures followed by varus and valgus rotational stability. Stability in this direction is also 
advantageous as it prevents hyperextension and posterior displacement of the metaphysis 
thus protecting the popliteal artery from late injury.  Valgus and varus rotational stiffness 
varied significantly between fixation methods for Salter-Harris type I fractures in the distal 
femur. Fixation methods utilizing threaded k-wires resulted in significantly greater rotational 
stiffness than methods employing smooth k-wires. While extension rotational stiffnesses did 
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not vary significantly based on a p-value of 0.05, the variation between stiffnesses was great 
enough to necessitate consideration. Threaded k-wires again resulted in the greatest 
rotational stiffness. Ultimately, fixation with threaded k-wires, tip in bone, most effectively 
stabilized Salter-Harris type I fractures in the distal femur. The use of divergent, smooth k-
wires was least optimal and should be avoided.  
 
Femoral Salter-Harris type II fractures exhibit a lateral, or occasionally medial, metaphyseal 
fragment. To protect the fragment from further injury, varus and valgus rotational stability is 
of utmost importance. Flexion, extension, valgus, and varus rotational stiffnesses varied 
significantly between fixation methods for femoral Salter-Harris type II fractures. Fixation 
utilizing two oblique screws ultimately resulted in the greatest rotational stiffness. 
Combination fixation comprised of a single transverse screw and crossed smooth k-wires 
was effective in extension and varus rotation, but failed to resist the loads resulting from 
flexion and valgus rotation. Methods using a single transverse screw and two transverse 
screws provided the least stability to the femoral Salter-Harris type II fractures.  
 
Fixation of Salter-Harris Fractures in the Proximal Tibia 
During the course of fracture treatment, tibial Salter-Harris type I fractures will most 
frequently endure stresses resulting from extension and flexion. Therefore, flexion and 
extension rotational stability should be optimized for this fracture type. Injury to the 
popliteal artery is also prevented through flexion and extension rotational stability. Fixation 
utilizing threaded k-wires provided superior rotational stiffness in all directions tested. 
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Ultimately, the use of smooth k-wires with the tip in the bone resulted in inferior rotational 
stiffness and is not recommended for the fixation of tibial Salter-Harris type I fractures.  
 
Flexion Salter-Harris type II fractures in the proximal tibia are characterized by an anterior 
metaphyseal fragment. To provide superior protection to the metaphyseal fragment, flexion 
and extension rotational stiffness should be optimized. Rotational stiffnesses resulting from 
extension, valgus, and varus rotation differed significantly for various fixation methods. 
Fixation utilizing a combination of screws and k-wires resulted in superior rotational 
stiffness for extension, valgus, and varus rotation. The use of two screws shaft to metaphysis 
provided effective stability in reaction to varus rotation and two screws tubercle to 
metaphysis provided effective stability in reaction to valgus rotation. Ultimately a fixation 
method using a combination of screws and k-wires should be used to protect the 
metaphyseal fragment and provide optimal flexion and extension rotational stiffness.  
 
Valgus Salter-Harris type II fractures in the proximal tibia consist of lateral, or occasionally 
medial, metaphyseal fragments. For this fracture type, valgus and varus stability are of 
utmost importance to protect the metaphyseal fragment from further injury.  Rotational 
stiffnesses resulting from flexion,  internal, valgus, and varus rotation differed significantly 
between the various fixation methods tested. Ultimately, fixation consisting of a combination 
of two screws, shaft to metaphysis, and crossed k-wires resulted in superior stability. The use 
of two screws, shaft to metaphysis, also provided effective stability for flexion, internal, and 
varus rotation. Fixation methods utilizing crossed k-wires resulted in less than optimal 
rotational stiffness in response to flexion, internal, valgus, and varus rotation.  
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Failure Analysis 
Failure testing simulated a 90° external rotation of the left foot and the resulting joint 
reaction. Failure analysis of fixation methods of femoral Salter-Harris type II fractures 
reinforced the previous testing; methods utilizing two oblique screws and a combination of 
screws and k-wires required the greatest torque at failure. Failure testing of flexion Salter-
Harris II fractures in the proximal tibia indicated the greatest torque at failure for methods 
with two screws, shaft to metaphysis, and a combination of screws, shaft to metaphysis, and 
crossed k-wires. Failure analysis of valgus tibial Salter-Harris type II fractures showed 
optimal results for fixation utilizing two screws, shaft to metaphysis, and adequate torque at 
failure for methods using a single screw, shaft to metaphysis, and combination of screws, 
shaft to metaphysis, and crossed k-wires. Results from failure testing of Salter-Harris type I 
fracture fixation methods were unexpected. While tibial results were inconclusive, optimal 
torque at failure occurred for fixation using smooth k-wires, tip out of bone. These results 
may be due to similar twisting pattern experienced by all k-wires fixation methods.  
 
Study Validity 
Studies funded by Pacific Research Laboratories show near normal tensile and compressive 
elastic modulus and strength for 4th generation synthetic tibia and femur specimens when 
compared to natural human cortical bone20. The use of 4th generation synthetic bones in lieu 
of cadaver bones is well established and accepted in literature2122,23. Image analysis indicated 
relatively consistent fracture angle and pin or screw placement between samples for each 
fixation method and fracture type. No known anomalies in the data can be attributed to 
inconsistent specimen preparation. Statistical analysis of multiple fixations with a small, 
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unequal sample size was enabled by using a least-squares method to approximate average 
stiffnesses and multiple comparisons with the best analysis to choose the best subset of 
treatments. These methods were designed for multiple comparisons such as this study24.  
However, a diminishing sample size resulting from failure during testing does weaken the 
statistical significance of the results. Undetected failure or partial fracture of the specimens 
from earlier testing may have skewed rotational stiffness or failure torque results in later 
tests.  
 
Related Work 
One of the motivating factors for conducting this study is the lack of previous studies on 
biomechanical testing of fracture fixation in the growth plates of the lower limbs. The most 
closely related published work involves biomechanical testing of supracondylar fractures in 
the humerous. One such study, conducted by Larson et al., aimed to simulate supracondylar 
fractures in 40 synthetic humeri and fracture treatment using four different k-wire 
configurations. To determine torsional stability, specimens were tested in internal rotation at 
a rate of 3°/sec for a total of 45°. Torque was measured and compared at 25° of internal 
rotation. The results of this study indicate greatest torsional stability in the fracture pattern 
utilizing two lateral divergent k-wires and a medial crossed k-wire. The use of two lateral 
divergent k-wires resulted in torsional stability that was significantly less than all other 
methods tested, including fixation with medial and lateral crossed k-wires22. These results 
contradict the findings of this study for torsional failure testing of growth plate fracture 
fixation in the distal femur. Our results show an insignificant variance in the torque at failure 
for fracture fixation using medial and lateral crossed k-wires and fracture fixation consisting 
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of two lateral divergent k-wires. Fracture fixation utilizing two lateral divergent k-wires and a 
medial crossed k-wire should be considered for use in future studies of growth plate fracture 
fixation in the distal femur and proximal tibia.  
 
Figure 14. Schematic representation of k-wire configurations used in similar biomechanical 
studies of supracondylar fracture fixation in the humerus23. 
 
A similar study, utilizing the same synthetic humeri model and pin configuration used in the 
testing by Larson et al, was performed by Bloom et al to determine if there is significant 
variance in fracture stability of malreduced or anatomically reduced fractures. They also 
tested to determine if variance exists in fracture stability for four different k-wire fixation 
configurations. Cyclic load testing was performed in varus, valgus, extension, internal 
rotation, and external rotation between 5N and 50N for 10 cycles. Construct stiffness was 
determined from these tests. The stiffness results indicate no significant variance in the 
fracture stability of malreduced or anatomically reduced fractures. Significant variance was 
found for the fracture stability of the different k-wire fixation configurations23. These 
findings support our conclusions that significant variance exists for rotational stiffness for 
between fixation method for most of the studied testing directions.   
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Recommendations 
Future work in biomechanical testing of Salter-Harris fractures in the distal femur and 
proximal tibia is necessary more thoroughly explore the complications associated with 
treatment and to aid in the improvement of current methods. In this study we used 
displacement controlled Instron testing to avoid inaccuracy caused by the use of the 1000 N 
load cell at small loads. In the future, load controlled cyclic testing should be performed to 
more closely emulate the rotation caused by loading during physical therapy or daily 
ambulation. Additionally, the methods used tested cyclic displacement for only 10 cycles. 
Testing should be performed with a significantly greater amount of cycles to determine the 
rotational stiffness of fracture fixation under fatigue. Rate of loading also affects the torque 
at which bone and cartilage fail considerably and should be explored.  
 
While the 4th generation synthetic bones used are accurate biomechanical models of human 
cortical bone, they emulate adult bone structure and do not contain an epiphyseal plate. A 
synthetic model is needed that more closely replicates the bone and growth plate structure 
found in pediatric long bones. Pediatric hardware of a variety of materials should also be 
used in future studies.  
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CONCLUSION 
 
Based on the results and statistical analysis, we believe that significant variance exists 
between most of the studied fixation methods for each fracture type.  Fixation methods 
utilizing screws and a combination of screws and k-wires provide the most effective stability. 
In situations where the use of k-wires is unavoidable, threaded k-wires are preferable. Due to 
the overall low rotational stiffness, no conclusions could be drawn regarding the optimal 
fixation method for internal and external rotational stability.   
 
While results show favored methods of fracture fixation, overall fixation of epiphyseal 
fractures is inconsistent and suboptimal. Increased stability is achieved at the expense of 
additional physeal damage. Further testing and improvements in fixation methods should be 
considered to enhance internal and external rotational stiffness for all fracture types. Future 
work should be performed on a cadaveric model with ligamentous attachments to confirm 
conclusions made in the study. 
 
  
 
 
55 
 
LITERATURE CITED 
 
1. Kuleta-Bosak E, Bożek P, Kluczewska E, Tomaszewski R, Machnik-Broncel J. Salter-
Harris type II fracture of the femoral bone in a 14-year-old boy - case report. Polish journal of 
radiology / Polish Medical Society of Radiology. 2010;75(1):92-7. 
2. Verzin EJ, Kealey D, Adair A, Sloan S, Dilworth GR. Salter harris type I fracture of the 
proximal tibial epiphysis. The Ulster medical journal. 2001;70(2):136-8. 
3. Carey J, Spence L, Blickman H, Eustace S. MRI of pediatric growth plate injury: 
correlation with plain film radiographs and clinical outcome. Skeletal Radiology. 
1998;27(5):250-255. Available at: 
http://www.springerlink.com/openurl.asp?genre=article&id=doi:10.1007/s002560050376. 
4. Alexander C. Effect of growth rate on the strength of the growth plate-shaft junction. 
children. 1971. 
5. Bylander B, Aronson S, Egund N. Growth disturbance after physial injury of distal femur 
and proximal tibia studied by roentgen stereophotogrammetry. Archives of orthopaedic. 1981. 
6. Stanitski C. Epiphyseal fractures about the knee. Operative Techniques in Sports Medicine. 
1998. 
7. Burdan F, Szumiło J, Korobowicz A, et al. Morphology and physiology of the epiphyseal 
growth plate. Folia Histochemica et Cytobiologica. 2009;47(1). 
8. Perron A, Miller M, Brady W. Orthopedic pitfalls in the ED: pediatric growth plate 
injuries. American Journal of Emergency. 2002. 
9. SALTER R, HARRIS W. Injuries involving the epiphyseal plate. The Journal of Bone & Joint 
Surgery. 1963. 
10. van der Eerden BC. Systemic and Local Regulation of the Growth Plate. Endocrine 
Reviews. 2003;24(6):782-801. 
11. Tracy R, O'Keefe RJ. The Biology of the Growth Plate. The Journal of Bone & Joint Surgery. 
2003;85(4):715-726. 
12. Blanks R, Lester D, Shaw B. Flexion-Type Salter II Fracture of the Proximal Tibia: 
Proposed Mechanism of Injury and Two Case Studies. Clinical Orthopaedics and Related. 1994. 
 
 
56 
 
13. Moran M, Macnicol MF. (ii) Paediatric epiphyseal fractures around the knee. Current 
Orthopaedics. 2006;20(4):256-265. 
14. Weaver C. Adolescence. Endocrine. 2002. 
15. DrCh M. Complications of fracture of the neck of the femur in children. A long-term 
follow-up study. Injury. 2001. 
16. Eid A, Hafez M. Traumatic injuries of the distal femoral physis. Retrospective study on 
151 cases. Injury. 2002. 
17. Nanni M, Butt S, Mansour R, et al. Stress-induced Salter-Harris I growth plate injury of 
the proximal tibia: first report. Skeletal Radiology. 2005;34(7):405-410. 
18. Czitrom A, Salter R, Willis R. Fractures involving the distal epiphyseal plate of the femur. 
International orthopaedics. 1981. 
19. Ogden J, Volkman T, Slappey G, Powell D. Reduction and operative fixation ofproximal 
tibial physeal fractures. Techniques in Orthopaedics. 1995. 
20. Heiner A. Structural properties of fourth-generation composite femurs and tibias. Journal 
of biomechanics. 2008. Available at: 
http://www.sciencedirect.com/science/article/pii/S002192900800434X. 
21. Hamdi A, Poitras P, Louati H, Dagenais S. Biomechanical analysis of lateral pin 
placements for pediatric supracondylar humerus fractures. Journal of Pediatric. 2010.  
22. Larson L, Firoozbakhsh K, Passarelli R. Biomechanical analysis of pinning techniques 
for pediatric supracondylar humerus fractures. Journal of Pediatric. 2006. Available at: 
http://journals.lww.com/pedorthopaedics/Abstract/2006/09000/Biomechanical_Analysis_
of_Pinning_Techniques_for.3.aspx. 
23. Bloom T, Robertson C, Mahar A. Biomechanical analysis of supracondylar humerus 
fracture pinning for slightly malreduced fractures. Journal of Pediatric. 2008.  
24. Oehlert GW. A First Course in Design and Analysis of Experiments. W. H. Freeman; 2000. 
 
25. Johnson, Donald, and Robert A. Pedowitz. "Patellar Problems in Atheletes." Practical 
Orthopaedic Sports Medicine and Arthroscopy. 1st ed. Philadelphia: Lippincott Williams & Wilkins, 
2007. N. pag. Print.  
 
26. Paley, Dror. "Lower Limb Alignment and Joint Orientation." Principles of Deformity 
Correction. Berlin: Springer, 2002. N. pag. Print. 
